Exposure to environmental pollutants contributes to the global decline of amphibians. Amphibian embryos are unique models for studying the effects of various toxic agents on developmental processes. Some of the most detrimental toxic agents are heavy metals, the study of which is a priority in ecotoxicology. Copper is a microelement required in many biological systems, but it can be toxic at concentrations higher than normal physiological range. The purpose of the present study was to analyze the toxic effect of high concentrations of Cu (10, 25, and 50 mg/L) on Bufo bufo
cause sublethal effects including embryonic deformities (Chen et al., 2007) , impaired predator avoidance (Garcı´a-Munoz et al., 2009; Rumrill, et al., 2016) and other. The boundary at which copper transforms from an activator of biological processes into a toxicant is blurred not only because of the adaptation capacities of the organism, but also because of the process of development as such. The vulnerability of the embryo to copper is different at different stages, because it requires different amounts of this microelement (Dregolskaya, 1993) .
Amphibian embryos, used as unique models for studies of damage caused by various toxicants, vividly reveal the consequences of subcellular processes triggered by exposure to the toxicant. As the embryo develops, these hidden changes quickly manifest themselves as malformations, changes in the rate of embryogenesis or termination of embryogenesis, or mortality (Chen et al., 2007; Xia et al., 2012; Lance et al., 2012 Lance et al., , 2013 Flynn et al., 2015; Fonovich et al., 2016) . Examination of the influence of high concentrations of copper ions on the early development of amphibians can help elucidate its acute toxic effects and estimate the resistance of early stages of embryonic development to such effects. The common toad (Bufo bufo) is rather sensitive to copper.
For instance, it has been shown in tests of the effects of copper sulfate on tadpoles of different amphibian species that B. bufo is more sensitive to copper, compared to Pelobates cultripes or Pelophylax perezi (Garcıa-Munoz et al., 2010) . Therefore, the purpose of the present study was to examine the toxic effects of copper, in particular in high concentrations, on the early development of B. bufo.
MATERIALS AND METHODS

Study species
The common toad is a species widespread from Western Europe to Eastern Siberia. The abundance of this species in its habitats is rather high; hence, its advantages as a model include accessibility and easiness of collecting. Embryonic and larval stages of development of the common toad are less affected by predator pressure than various frog species (Manteifel, Reshetnikov, 2001 ); therefore, this factor can be ignored in estimations of mortality in nature. Embryonic and larval stages of the common toad are easy to observe both in nature and in the laboratory. The large clutch size makes it possible to obtain large amounts of genetically uniform materials for various experiments. Each clutch of eggs is a cord up to 10 m long. Females lay eggs in strings containing 1200 to 7200 eggs arranged helically in two rows. These strings twist around underwater objects or lie on the bottom. Laying the eggs, the female usually strains each egg string between stems of water plants or various other objects. Embryonic development depends on temperature and takes 2 to 20 days (Kuzmin, 2012) .
Early developmental stages respond to toxicants (Amicarelli et al., 2001; Mandrillon, Saglio, 2007; Bernabo et al., 2008 Bernabo et al., , 2013 , including copper ions (Garcıa-Munoz et al., 2010) . This species is an indicator of structural changes in anuran assemblages in urbanized environments, because it is a typical forest species capable of successfully reproducing only in forest parks zones of urban areas, intolerant to increased density of the litter, to changes in plant communities, and to changes in microclimate that accompany changes in plant communities (Vershinin, Toporkova, 1981) . Therefore, it is one of the first to disappear in anthropogenically transformed ecosystems (Vershinin, 2008) .
Study site
Eggs for the experiments were obtained in a laboratory from breeder toads collected during mass spawning of the common toad in Sterlyazhy Pond within the territory of the Skadovsky Zvenigorod Biological Station, Lomonosov Moscow State University, situated on the right-hand bank of the Moskva River 12 km upstream from Zvenigorod, Odintsovo District, Moscow Oblast, Russia. The pond has artificial origin: it was constructed by damming a small forest stream. The area of the pond is approximately 850 m2; average depth, approximately 1 m; maximum depth, 1.8 m. The bottom is silty-sandy, partly overgrown with vegetation. The water is of medium transparence; the level of copper ions is no higher than the maximum permissible concentration (Cu concentration < 0.001 mg/L).
The pairs were captured in amplexus and brought to the laboratory in approximately 3 h. In the laboratory the pairs were placed in separate aquaria with clean water (Cu concentration < 0.01 mg/L). The captured toad pairs were provided with optimal conditions for egg laying, as close to natural as possible. Each experiment was performed on embryos from one clutch laid by one pair of breeders, i.e., full siblings, which considerably decreased the contribution of the genetic component to variation. Immediately after completion of egg-laying the eggs were distributed over experimental containers. Quality parts of each clutch (not rumpled or deformed) were selected, considerably decreasing the random contribution of dying damaged embryos or unfertilized eggs to the resulting mortality. Stages of development were assessed using Gosner's normal development Tables (Gosner, 1960) .
Egg strings were cut into fragments needed for the experiments, containing 30 or 120 eggs.
The choice of the initial density of placement of embryos was determined by earlier studies, which have shown that those populations from which material is taken can be polymorphic in embryo survival rates, depending on initial density (Dmitrieva, 2007 (Dmitrieva, , 2013 . This effect manifests itself in the fact that approximately 30% of all studied clutches of the common toad demonstrate nonmonotonic dependence of survival rate on initial egg density within the range of 30 to 120 eggs per standard aquarium (∅ 70 mm, h = 30 mm, V = 130 mL); the second maximum of embryo survival rate emerges at a density of 120 eggs per standard aquarium. If experiments are performed at densities higher than 120 eggs, embryo mortality from increased density can be so high as to hide the possible effect of Cu. The density of 30 eggs per standard aquarium is optimal (corresponding to minimum mortality and high synchronicity of development of individual embryos) (Dmitrieva, 2007 (Dmitrieva, , 2013 . Therefore, the protocols of the experiments take into account the peculiar features of the populations from which material is taken, which makes it possible to obtain most comprehensive data on the influence of the factor in question on embryonic development in the common toad.
Test solutions
I used in the experiments a standard mix of synthetic dilution water for toxicity tests with The experiments were performed in 35 mm high glass containers with bottom diameter 70 mm (water volume 130 mL). The corresponding volume of water is sufficient for normal development of common toad embryos (Dmitrieva, 2005 (Dmitrieva, , 2007 . Water was not added or replaced during the experiment. Dead embryos were not removed, since their removal increases rather than decreases embryo mortality (Dmitrieva, 2005 (Dmitrieva, , 2007 (Dmitrieva, , 2013 . Water is often replaced and/or dead individuals often removed during experiments on embryonic or larval stages of development (American Society for Testing and Materials, 1991; Herkovits, Pérez-Coll, 2003; Garcıa-Munoz et al., 2010; Bernabo et al., 2013 and others) . If dead tadpoles or embryos that develop independently from each other (from separate eggs that have no common coat) are removed, this interference can have no considerable effect on the results of the experiment, because it is accompanied only by stirring of the water. However, if dead embryos that develop in a single egg cord are removed, the experimenter has to compromise the wholeness of the structure of the clutch by damaging the common protective coat. I have shown in my earlier experiments that such actions at embryonic stages of development result in increased mortality (Dmitrieva, 2005) . Even simple mixing of the water can affect the results of an experiment on embryonic stages of development (Dmitrieva, 2005) .
Each experiment was performed in four replications of 30 eggs and three or four replications of 120 eggs (depending on clutch size) from one clutch. Egg cords that contained 30 or 120 eggs were placed in standard aquariums (V = 130 mL, 70 mm ∅). All experiments on embryos were performed the moment of the end of egg-laying, which was taken as 0 time (stage 2-4).
A total of five egg clutches of the common toad have been used in the present study. Three clutches developed in a thermostated room at temperatures within a range of 10-13°C (trial 1: clutches 1-3). Two other clutches were placed in a Binder KB 53 thermostat and developed at a constant temperature of 15°C (trial 2: clutches 4-5), optimal for the development of common toad embryos (Dmitrieva, 2014) 
Statistical analysis
The results of the experiments were processed using the Statistica 6.0 package (StatSoft Company, http://www.statsoft.ru) (Khalafyan, 2009) . The statistical significance of differences between the obtained values of mortality in the experiments in different clutches of the same experiments at different Cu concentrations were estimated using the nonparametric Kruskal-Wallis H test and then use the Mann-Whitney U-test (the nonparametric counterpart of Student's t-test) as a means to look for differences when the Kruskal-Wallis test is significant. Non-parametric tests were used in connection with a small number of replications of the experiment from one clutch (4 replications of 30 eggs and three and 3-4 replications of 120 eggs). Differences were considered significant at p < 0.05.
The effects of different factors on mortality and rates of development were estimated using the factorial ANOVA. I used a generalized linear mixed effects model to investigate the effects of Cu concentration, clutches and density on mortality of embryos. Mortality was used as the independent variable; copper concentration, clutches and density as the categorical variables. In addition, time of development (i.e. hour since start of experiment) was used as a categorical variable in the long-term test to estimate the influence of the duration of exposure to Cu on mortality. This method makes it possible to estimate not only the effects of the studied factors (concentrations of copper ions, densities, etc.) on mortality and rates of development in common toad embryos, but also to reveal the effects of interaction between factors and thus test more complex hypotheses.
Therefore, factorial ANOVA can be used to estimate the interaction between factors described as changes in the effect of one factor that result from another factor. The normality hypotheses and homogeneity were analyzed with Lillieford and Kolmogorov-Smirnov tests, respectively, using Statistica 6.0 software.
RESULTS
Copper toxicity
Temperature conditions affect the rates of development and mortality in common toad embryos (Dmitrieva, 2014) . The duration of embryonic development until hatching was 130 h in clutches that developed in a thermostat at 15°C (trial 2) and 230 h in clutches that developed in a thermostatic room at 10-13°C (trial 1). Thus, the conditions under which embryos developed in trial 1 and trial 2 were different, and therefore the trials were analyzed separately.
Short-term toxicity test (48 h) shows that mortality was almost zero in all clutches at a concentration of 10 mg/L and 25 mg/L (Table 1) . At a high concentration of Cu ions (50 mg/L), embryo mortality increases (Table 1) ; it is significantly higher (by Kruskal-Wallis test) in clutch 3 than under normal conditions at a density of both 30 eggs per aquarium (H (3, N = 29) = 21.238, p = 0.0001) and 120 eggs per aquarium (H (3, N = 13) = 10.164, p = 0.0172). In trial 2 mortality was significantly higher (by Kruskal-Wallis test) than under normal conditions in clutch 4 only at higher density ((H (3, N = 12) = 8.214, p = 0.0418) and (H (3, N = 16) = 11.058, p = 0.0114), respectively) and, by contrast, only at lower density (H (3, N = 16) = 14.619, p = 0.0022) in clutch 5.
In the 96 h test in trial 2, mortality was significantly higher than under normal conditions at any studied concentration of Cu ions: H (3, N = 16) = 14.619, p = 0.0022 at a density of 30 eggs per aquarium in clutch 4; H (3, N = 12) = 8.379, p = 0.0388 at a density of 120 eggs per aquarium in clutch 4; H (3, N = 16) = 11.529, p = 0.0092 at a density of 30 eggs per aquarium in clutch 5; and H (3, N = 16) = 12.870, p = 0.0049 at a density of 120 eggs per aquarium in clutch 5. In trial 1, in which embryos developed at decreased temperature, mortality was significantly higher only at high concentrations of copper ions (50 mg/L), while at medium concentrations (25 mg/L) mortality was significantly higher than in the control group only at low egg density (30 eggs per aquarium) ( Table   1 ).
The long-term test, which lasted until the hatching of larvae in the control group, shows that all studied concentrations of copper ions prove lethal for common toad embryos (Fig. 1) , i.e., by the moment of hatching in the control group all eggs were dead in the experimental groups. Survival rate in the control group was 96-100%, independently of egg density or temperature at which the embryos developed. Embryos developed for approximately 230 h at 11-13°C and 130 h at 15°C.
The timing of the end of mortality (the moment when the last embryo died) differed depending on developmental conditions (Table 2) According to the Mann-Whitney test, in trial 1 at 50 mg/L mortality was significantly higher than at 10 mg/L from 96 to 168 h (p < 0.0005) and 176 h (p = 0.018) after the start of development, and significantly higher than at 25 mg/L from 96 to 144 h (p < 0.005) and 160 h (p < 0.005) after the start of development. Significant differences in mortality between 10 and 25 mg/L have been revealed from 96 to 136 h (p < 0.005) and 168 h (p = 0.016) after the start of development. Subsequently, the differences became insignificant again, and mortality in all series of the experiment approached 100%. In trial 2, mortality at 50 mg/L was significantly higher than at 10 mg/L from 48 to 102 h (p < 0.005) after the start of development and significantly higher than at 25 mg/L from 48 to 78 h (p < 0.005) after the start of development. Subsequently, the differences became insignificant again, and mortality in all series of the experiment approached 100%.
Mortality at 10 and 25 mg/L did not differ significantly.
The influence of copper began to manifest itself at the blastula stage (Fig. 2a) , when group mortality of embryos was first recorded. Copper ions slowed down embryonic development, terminating it at the mid-gastrula stage (Fig. 2b) , while in the control group development continued, embryos freely developed, and eventually hatched as larvae (stage 19) (Gosner, 1960) . Therefore, in the experimental groups development at all concentrations of copper ions was decelerated, compared to the control group, and embryonic development was terminated at the gastrula stage, followed by mass mortality. This pattern was recorded in all studied clutches, independently of temperature or density at which the embryos developed.
Differences between clutches and effects of density
Factorial ANOVA shows significant influence of all studied factors on mortality of embryos in both 48 h test and 96 h test in clutches 1-3 (trial 1), which developed at a lower temperature (Table 3 ). In clutches 4-5 (trial 2) mortality was affected above all by the concentration of Cu ions (in both 48 h test and 96 h test). In the 96 h test, mortality was also affected by density of developing embryos, and one factor changed under the influence of the other (Table 3 ). In the shortterm (48 h) test, mortality was affected only by the concentration of Cu ions in clutch 1 (trial 1), as well as in clutches 4 and 5 (trial 2), whereas in clutches 2 and 3 (trial 1) it was also affected by density of developing embryos (Table 4 ). In the 96 h test, mortality was affected by both factors in clutches 4 and 5 (trial 2), whereas in trial 1 density had a significant effect on mortality only in clutch 3 (Table 4 ).
It should be emphasized one again that the timing of embryo mortality was different in different clutches. Thus, at the highest Cu concentration at a density of 30 eggs per aquarium all embryos died much sooner in clutches 2 and 3 than in clutch 1: by hour 176, 148, and 192, respectively (Table 2 ). In the long-term toxicity test, the end of mortality (the moment when the last embryo died) was timed differently in different clutches (Table 2 ). In clutches 2 and 3 at low density of embryos they all died much earlier: 176 and 148 h, respectively, after the start of the experiment. In addition, It should be noted that in almost all studied clutches embryos died earlier at a density of 30 eggs per aquarium than at 120 eggs per aquarium.
The clutches used in trial 1 differed in sensitivity to copper levels (Fig. 3) . At early stages of ontogenesis, clutch 1 was more resistant to the presence of copper ions than clutches 2 and 3.
According to the Mann-Whitney test, mortality in clutch 1 remained significantly lower until 160 h after the start of development at 10 mg/L (p < 0.05) and 50 mg/L (p < 0.05) and until 144 h after the start of development at 25 mg/L (p < 0.05). However, subsequently mortality rate in clutch 1 increased, and all individuals were dead much earlier than in the other clutches. Clutch 2 proved the most sensitive to lower concentrations of copper ions (10 mg/L and 25 mg/L): mortality was significantly (p < 0.05) lower than in clutches 1 and 3. However, at high concentrations of copper ions (50 mg/L) clutch 3 was the most sensitive. In clutches 4 and 5 (trial 2) mortality was almost identical.
The density of developing embryos can also affect mortality at different copper levels (Table 3 ). In the short-term toxicity test (48 h), density and its interaction with Cu concentration affected two studied clutches in trial 1 (Table 4) . The 96 h toxicity test revealed a similar effect in clutches 4 and 5 (trial 2) that developed at 15°C (Table 4) , and in one other clutch that developed at lower temperatures (clutch 3; Table 4 ). In the long-term experiment, density affected mortality at different copper levels in all studied clutches (Table 5) . Moreover, almost all studied factors affected the resulting mortality of embryos.
The lower was the concentration of copper ions, the later did density begin to affect mortality. For instance, according to the Mann-Whitney test, in trial 1 at 50 mg/L mortality at a density of 30 and 120 eggs per aquarium significantly differed from 48 to 56 h and from 112 to 152 h after the start of the experiment (p < 0.05), whereas at 10 mg/L it differed significantly from 136 to 200 h after the start of the experiment (p < 0.05). In trial 2 mortality at 30 and 120 eggs per aquarium significantly differed from 78 to 102 h after the start of the experiment at 10 mg/L (p < 0.002) and 25 mg/L (p < 0.05). At 50 mg/L mortality at a density of 30 and 120 eggs per aquarium significantly differed only from 96 to 102 h after the start (p < 0.006).
DISCUSSION
The long-term toxicity test revealed the lethal effect of each of the studied concentrations of copper ions on common toad eggs: all individuals were dead in the experimental groups by the time of hatching in the control group. This was the expected result, since the investigated copper concentrations were certainly above the limits of amphibians tolerance to Cu (Herkovits, Helguero, 1998; Lance et al., 2012 Lance et al., , 2013 Weir et al., 2016a) . Under natural conditions such high levels of copper concentration were not observed. However, in spite of the high concentrations of copper in our experiments, the short-term (48 h) toxicity test revealed no significant differences in mortality at 10 mg/L and 25 mg/L. Mortality increased only at the highest tested concentration of copper ions (50 mg/L). The 96 h test revealed significantly increased mortality at all studied concentrations only in trial 2, at a higher temperature than in trial 1. In trial 1 mortality was significantly higher only at the highest concentration and in some cases at 25 mg/L. Therefore, short-term toxicity tests can fail to reveal the toxic effect of copper even at such high concentrations of copper ions as in the present study. Let us discuss in more detail why such results could be obtained.
The results of toxicity tests of the same substance can differ depending on the method. For instance, the AMPHITOX method (Herkovits, Pérez-Coll, 2003 ) is based on biotesting in ecosystem models (mesocosms). Ecotoxicological studies of the aquatic environment are performed by creating special experimental ponds with bottom sediments, macrophytes, mollusks, crustaceans, and fishes, which become stabilized over several months (Caquet et al., 1996) . These mesocosms as such can partially utilize copper from the aquatic environment; as a result, the ecotoxicological effects of copper can differ from those revealed by other biotesting methods. Furthermore, high concentrations of other ions in the solution can compete with copper ions for binding and absorption, decreasing the bioaccumulation and toxicity of copper (Santore et al., 2001 ). FETAX and AMPHITOX tests differ also in the salinity and temperature of maintaining media (Caquet et al., 1996) , which can also modify toxicity results.
According to the FETAX method (American Society for Testing and Materials, 1991) and some other studies (Edginton et al., 2004) , it is recommended to remove the gelatinous egg membranes that protect developing embryos. The removal of these membranes results in increased mortality of amphibian embryos (Robinson et al., 2003) , which can considerably influence the results of experiments. The same is true of the removal of dead embryos (Dmitrieva, 2005) . In addition, the jelly coats of eggs can decrease the toxic effects of the environment at embryonic stages, prior to hatching (Aronzon et al., 2011) . Therefore, in the present study a whole piece of the clutch, containing a particular number of eggs (30 or 120) was used in each experiment. Dead embryos were not removed, so as not to affect the results of the experiments: otherwise mortality could increase because of the influence of the experimenter rather than decrease, as might be expected (Dmitrieva, 2005) .
In addition, the results of the experiment depend on the developmental stages affected by the exposure (Dregolskaya, 1993; Aronzon, 2011 ; Pérez-Coll C.S., Herkovits, 1990; Sztrum et al., 2011; Flynn et al., 2015) . If testing is started at the cleavage stage (stage 2-4) (Gosner, 1960) , the effects of copper are almost invisible. Short-term toxicity tests reveal only the effects of the highest copper levels. The early stages of development proved rather resistant to copper, even at high concentrations. During cleavage the influence of Cu on processes of survival and development remains invisible. At the mid-blastula stage (stage 8) (Gosner, 1960) , increased embryo mortality is observed. At temperatures of 10-13°C (trial 1), the effects of low concentrations of copper on embryo mortality began to manifest themselves 104-112 h after the start of development, whereas at higher concentrations the effects were visible as early as 40-48 after the start of development (Table 2) . At 15°C (trial 2) this difference became visible as early as 48 h after the start of development at each studied copper level, except for the lowest. The effects of copper ions on embryo mortality began to manifest themselves at the blastula stage (Fig. 2a) , although the embryos continued to develop for some time until the mid-gastrula stage (Fig. 2b) , at which development terminated. Previous studies on stage dependent susceptibility to noxious agents, including Cu, point out the high resistance of blastula stage amphibian embryos to this heavy metal (Xia et al., 2012) . Therefore, under unfavorable conditions (increased copper level) embryonic development freezes at the gastrula stage, without switching to the stage of neural plate formation, as if waiting for unfavorable conditions to change for the better. If conditions do not improve, mass mortality begins, and can last up to several hours. A similar pattern of mortality was observed in Rhinella arenarum by Aronzon et al. (2011) : development also stopped at the mid-gastrula stage (stage 11) (Gosner, 1960) , and mortality resulted in cellular dissociation and yolk exudation to the perivitelline space, as in the present study (Fig. 2) .
At the gastrulation stage, the rate of energy metabolism increases, increasing the consumption of microelements, including copper. However, if copper concentration in the environment is to high, copper can switch roles from activator of biological processes to toxicant.
Outside their coordination spheres, copper ions become highly toxic agents, because they can catalyze processes of the sort of the Fenton reaction, resulting in production of active oxygen metabolites, which produces effects on all structures of the cell similar to the effects of radiation poisoning (Yoshida et al., 1993) . Cell dissociation observed at the gastrula stage probably reflects the interaction of Cu and Ca, which results in destruction of intercellular contacts (Grosell, Wood, 2002) . In addition, in long-term tests amphibian eggs can accumulate heavy metals, including copper (O'Dell, 1990) , which can also affect the mortality of embryos.
Therefore, short-term toxicity tests performed at embryonic stages can fail to reveal the toxic effect of the substance in question because of the high stability of earlier stages of development (stages 2-8 (Gosner, 1960) ). This can lead to erroneous predictions because amphibian susceptibility to Cu and other metals is highly stage dependent, with organogenic stages being the most susceptible and early embryonic and late larval stages the most tolerant (Aronzon et al., 2011; Pérez-Coll C.S., Herkovits, 1990; Sztrum et al., 2011) . Thus, during the ecotoxicological investigations must take into account such factors as life stages affected by the Cu exposure.
Particular attention should be paid to the effects of density on common toad embryo mortality at different concentrations of copper. Planning experiments with embryonic stages of development, researchers pay little attention to the effects of egg density on the results of these experiments. Egg density is standardized only in the FETAX method (American Society for Testing and Materials, 1991). Although many researchers maintain the same density of embryos in replications of the same experiment, the parameter is not standardized even in studies of the same species. For instance, egg density in different experiments can vary from 20 per 10 mL of medium (Edginton et al., 2004 ) to 14-20 per 1.75 L of medium (Snodgrass et al., 2008) , which makes interpretation and comparative analysis of the results of such studies extremely difficult. There are but few studies in which attention is paid to the method of biotesting and to taking into account the effects of density on the results of experiments. For instance, a study of the effects of copper concentration on mortality and development of embryonic and larval stages of Lithobates (Rana) sphenocephalus has shown that the results of the experiments can depend on initial egg density (Lance et al., 2013) , a factor disregarded by most researchers planning such experiments.
The results of my experiments on the effects of copper have shown that density has a significant influence on embryo mortality in this species at different concentrations of copper ions (Table 5) . I have shown earlier that the density of developing eggs has a considerable influence on the rate of development and embryo mortality in the common toad (Dmitrieva, 2005 (Dmitrieva, , 2007 (Dmitrieva, , 2013 ; moreover, not only the embryo density has an effect (number of embryos per unit of water volume), but also the geometry and position of the clutch in the aquarium (24). Female common toads lay their eggs in strings containing helically arranged eggs. The folding of this egg string can affect the mortality and development of embryos (Dmitrieva, 2007 (Dmitrieva, , 2013 . In addition, it is important to take into account the effects of "linear" density (ratio of the number of eggs to the length of the strained egg string) and "surface" density (ratio of the number of eggs in an aquarium to the bottom area of the aquarium) (Dmitrieva, 2013) . In the present study all these factors have been taken into account. Egg strings with either 30 or 120 eggs were all straightened and evenly distributed on the bottom of the aquarium; therefore, the results of the experiments could not be affected by geometry of the clutch at increased egg density.
Taking into account the joint action of egg density and the studied factor (in the present study, copper concentration) increases the precision of estimations of the effects of this factor and precision of the results obtained. Increased egg density in some cases results in decreased mortality from copper as a toxic agent. Similar results, with the toxic effect of copper decreasing with increasing egg density, have been obtained for Lithobates sphenocephalus (Lance et al., 2013 ). This decrease is probably explained by the protective role played by jelly coats of the eggs. The jelly coats bind copper ions; the higher is the density of eggs, the more dissolved copper will be bound, decreasing the level of Cu in the solution. Greater total area of jelly coats covering greater amounts of eggs results in binding of greater amounts of dissolved copper (Lance et al., 2013) .
In the present study I have also analyzed the variation of responses not only between embryos but also between different clutches of eggs. This approach is rather rare in ecotoxicological studies of amphibians. Such studies usually include mixing of eggs or larvae from several clutches for uniform distribution of potential genetic effects. As a result, genetically uneven samples of individuals are obtained, and much information is lost. In the present study I have observed considerable variation between clutches in trial 1. Clutches differed in mortality and sensitivity to different concentrations of copper ions. I have also observed differences in several important temporal characteristics of the clutches, such as the beginning and end of mortality at different copper levels. These results are in agreement with those obtained for Lithobates sphenocephalus (Bridges, Semlitsch, 2001; Lance et al., 2013) and Gastrophryne carolinensis (Flynn et al., 2015) . Considerable interclutch variation has been revealed in sensitivity to carbaryl (Bridges, Semlitsch, 2001 ) and copper (Lance et al., 2013; Flynn et al., 2015) . This variation was explained by the additive component of genetic diversity. High interclutch variation in studies of sensitivity to these two very different pollutants has led researchers to suggestion that mixed eggs from a small number of clutches would not be adequately representative of the range of variation present in most populations. In my opinion, studies of uneven genetic material can result in inadequate estimations of the effects of the factor in question. If we study eggs taken from the same clutch produced by one pair of breeders, i.e., a clutch of full siblings, the contribution of the genetic component to individual variation is strongly decreased. Studying the responses of particular clutches, we can estimate interclutch variation, and comparing clutches produced by different populations, we can estimate interpopulation variation. This approach will help us estimate more precisely the possible toxic effects of the studied pollutant and its influence on animals at the individual, population, or species level. Assessment of tolerance to anthropogenic stress factors, such as ecological pollutants, and understanding the behavior of individuals, clutches, or populations under ecological stress are important for conservation biology studies and can improve estimations of the relations between amphibian population decline and environmental pollutants.
Thus, my results demonstrate clearly that exposure induces mortality, but that the effects can be clutch specific, and density and time dependent. In ecotoxicological experiments the experimenter should take into account such factors as the initial egg density and the geometry of egg distribution in an aquarium. In addition, individual sensitivity of clutches to the effects of a toxic agent can also vary, potentially affecting the results of the experiment. These considerations are especially important to limiting false negative results. Considering the results of the present study, in further studies I plan to analyze the effects of lower concentrations of copper (0.1 mg/L and less) on mortality and rates of development in early ontogenesis of Bufo bufo.
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